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The cyanobacterium Planktothrix agardhii, which is dominant in many shallow eutrophic lakes, can produce
hepatotoxic microcystins. Currently, more than 70 different microcystin variants have been described, which
differ in toxicity. In this study, the effect of photon irradiance on the production of different microcystin
variants by P. agardhii was investigated using light-limited turbidostats. Both the amount of the mRNA
transcript of the mcyA gene and the total microcystin production rate increased with photon irradiance up to
60 mol m2 s1, but they started to decrease with irradiance greater than 100 mol m2 s1. The cellular
content of total microcystin remained constant, independent of the irradiance. However, of the two main
microcystin variants detected in P. agardhii, the microcystin-DeRR content decreased twofold with increased
photon irradiance, whereas the microcystin-DeLR content increased threefold. Since microcystin-DeLR is
considerably more toxic than microcystin-DeRR, this implies that P. agardhii becomes more toxic at high light
intensities.
Cyanobacteria can produce a wide variety of toxic com-
pounds, including microcystins (MC) (2, 4, 5). Microcystins are
cyclic heptapeptides that can cause liver damage through in-
hibition of protein phosphatases (20, 41) and may promote the
development of liver tumors (24). So far, more than 70 differ-
ent microcystin variants have been described (7). These micro-
cystin variants may differ in their toxicological effects. For
instance, 50% lethal dose experiments with mice have indi-
cated that MC-LR is about four times more toxic than MC-RR
(12, 17).
Microcystin-producing cyanobacteria usually generate mul-
tiple microcystin variants (34). Relatively few studies (28, 30)
have investigated which factors determine the specific compo-
sition of microcystin variants. Yet such studies are highly rel-
evant given the different toxicities of the various microcystin
variants. Basically, one mcy gene cluster is responsible for the
synthesis of the molecular core of all microcystins in a given
strain (8, 25). The different microcystin variants are synthe-
sized nonribosomally, as variations on the same molecular
core, and the synthesis is catalyzed by a large multifunctional
enzyme complex consisting of peptide synthetase and
polyketide synthase modules (1). The specificity of modules
and various functional domains within this large enzyme com-
plex determines the complement of microcystin variants that
are produced (23). How the synthesis and activity of the entire
enzyme complex is regulated is not well understood.
Several studies have revealed that the total microcystin pro-
duction by cyanobacteria may vary considerably with environ-
mental factors (27, 32, 38). Previous work has shown that the
total microcystin production by Microcystis aeruginosa re-
sponds to iron (36), phosphorus (28), nitrogen (19), and pho-
ton irradiance (35, 40). Orr and Jones (29) and Long et al. (19)
hypothesized that the growth rate determines the microcystin
production by cyanobacteria, which provides an explanation
for the impact of so many environmental factors on microcystin
production. Wiedner et al. (40), however, showed that for
Microcystis this relationship occurs under light-limited condi-
tions but not under light-saturated conditions. Genetic regu-
lation studies have revealed that increased microcystin peptide
synthetase and polyketide synthase gene transcription occurs
in Microcystis as a result of increasing light intensity (15).
Hence, we hypothesized that light is a major factor in micro-
cystin production.
In the present study we aimed to investigate the effect of
photon irradiance on the mcyA transcript, the total microcystin
production, and the microcystin composition of the filamen-
tous cyanobacterium Planktothrix agardhii Anagn. et Kom. We
selected the mcyA gene as a representative of the microcystin
biosynthesis gene cluster in order to link expression of the mcy
gene to total microcystin production as measured by high-
performance liquid chromatography (HPLC). The experi-
ments were carried out with continuous cultures specifically
tailored to study light limitation under highly controlled con-
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ditions (14). Planktothrix was chosen because it is a widespread
nuisance species (10, 31, 33), particularly in shallow turbid
lakes where light is a major limiting factor (22, 27, 39). Lakes
dominated by Planktothrix have significantly higher concentra-
tions of microcystin per unit of cyanobacterial biomass than
lakes dominated by other cyanobacterial species (11), yet little
is known about the impact of light on Planktothrix microcystin
production and composition.
MATERIALS AND METHODS
Organism and culture setup. P. agardhii strain 126/3 was kindly provided by K.
Sivonen of the Department of Applied Chemistry and Microbiology, University
of Helsinki (32). Cultures were checked frequently for bacterial contamination
by microscopy. All experiments were performed with continuous cultures by
using flat culture vessels specifically designed to study light-limited growth (14,
21); the working volume was 1.85 liters. The temperature was kept constant at 23
 1°C by means of a cooling element placed between the culture vessel and the
light source. A continuous flow of nutrient-saturated O2 medium (37) was added
to the culture to prevent nutrient limitation. Furthermore, the culture was aer-
ated with a continuous airflow to ensure homogeneous mixing and to provide
sufficient amounts of carbon dioxide for photosynthesis. The turbidostat tech-
nique was used. The pump was adjusted to keep the optical density at 750 nm
constant at 0.10 to 0.15 cm1.
Light conditions. The light source consisted of four white fluorescent tubes
(Philips PL-L/24W/840/4P) placed in front of the culture vessel. A day-night cycle
consisting of 12 h of light and 12 h of darkness was used, while all other factors
were kept constant. Photon irradiance was measured using an LI-COR SA 198
quantum sensor. The specific design of the flat culture vessels allowed accurate
estimation of the average photon irradiance (14). The incident irradiance (Iin)
and the irradiance penetrating through the vessel (Iout) were measured at 10
evenly spaced points on the front and back surfaces of the culture vessel, respec-
tively. The depth-averaged photon irradiance (Iavg) in the culture vessel was
calculated as follows: Iavg  (Iin  Iout)/(ln Iin  ln Iout).
Experiments and sampling. We studied the microcystin production by P.
agardhii by using three time scales. First, we investigated short-term changes in
microcystin composition in two diurnal experiments with a cycle consisting of 12
h of light and 12 h of darkness. In one experiment we used low light (depth-
averaged irradiance, 25 mol m2 s1), and in the other experiment we used
high light (110 mol m2 s1) during the light period. Second, on a time scale
of days, we studied the transient dynamics of microcystin composition in cultures
that were transferred from 25 to 65 mol m2 s1 and from 110 to 40 mol m2
s1 during the light period. Third, on an even longer time scale, we performed
a series of steady-state experiments with depth-averaged photon irradiances of 6,
9, 17, 25, 36, 48, 74, 79, and 112 mol m2 s1 during the light period. The
optical density at 750 nm was monitored on a daily basis. When the optical
density remained constant (15%) for more than 1 week, the culture was
considered to be in steady state. During a steady state, samples were taken daily
for 5 days. Samples were always taken 1 h after the light was switched on. Each
sample was divided into two subsamples for estimation of the biovolume and
microcystin analysis.
Microcystin analysis. Intracellular microcystin contents were analyzed by fil-
tering 10 ml of the culture suspension in triplicate using Whatman GF/C filters
(pore size,1.2 m). Filters were freeze-dried and stored at20°C. Microcystin
was extracted in 75% methanol (three extraction rounds) as described by Fastner
et al. (9) with an extra step for grinding of the filters in a Mini Beadbeater
(Biospec Products, Bartlesville, Okla.) with 0.5-mm silica beads. Dried extracts
were stored at 20°C and dissolved in 50% methanol for analysis of microcystin
using HPLC with photodiode array detection (Kontron Instruments). The ex-
tracts were separated using a 30 to 70% acetonitrile gradient with 0.05% triflu-
oroacetic acid at a flow rate of 1 ml min1 and a LiChrospher 100 ODS 5 m
LiChorCART 250-4 cartridge system (Merck). The different microcystin variants
were identified on the basis of their characteristic UV spectra and were quanti-
fied by means of an MC-LR gravimetric standard provided by the University of
Dundee.
The extracellular microcystin concentrations were below the detection limit of
the HPLC (2.5 ng of microcystin). Therefore, extracellular microcystin concen-
trations were determined using an enzyme-linked immunosorbent assay accord-
ing to the protocol of a Microcystin Plate kit (catalog no. EP 022; EnviroLogix
Inc.). Since the enzyme-linked immunosorbent assay approach does not distin-
guish between different microcystin variants, we were unable to quantify the
different extracellular microcystins.
Biovolume and growth rate. The lengths of the filaments were measured by
using Image Analysis (Qwin, Leica Microsystems) and samples stored in Lugol’s
iodine. The average diameter of P. agardhii filaments was estimated to be 3.3 m
(standard deviation, 0.3 m; n  147). The biovolume (BV) of the filaments was
calculated as follows: BV  0.5Lr2, where L is the filament length and r is the
filament diameter. The specific growth rate () was calculated by using the
following equation:

ln x2 ln x1
t2 t1
 D
where x1 and x2 are the estimated biomasses (measured as biovolume) at times
t1 and t2, respectively, and D is the dilution rate (in h1). The microcystin
production rate was calculated by multiplying the microcystin content by the
specific growth rate.
RNA extraction and quantification. Samples (25 ml) were taken from four
continuous cultures in steady state grown at different levels of photon irradiance.
These samples (three samples per continuous culture) were added to tubes filled
to 25 ml with ice. The tubes were centrifuged, and the pellets were frozen with
liquid nitrogen and stored at 20°C until RNA extraction. Total RNA was
extracted by using a method similar to that described by Kaebernick et al. (15),
using Trizol reagent (Gibco BRL, Life Technologies, Rockville, Md.) after the
pellet was crushed in a precooled mortar. Phenol extraction and precipitation
were performed according to the manufacturer’s protocol. RNA was quantified
using Northern analysis.
RPA. Primers McyA-Cd 1R (5-AAAAGTGTTTTATTAGCGGCTCAT-3)
and McyA-Cd 1F (5-AAAATTAAAAGCCGTATCAAA-3) were used to am-
plify a 300-bp fragment of the mcyA gene of P. agardhii (6) as described by
Hisbergues et al. (13). This fragment was ligated into the pGEM-T cloning vector
(Promega). The probe for the mRNA protection assay (RPA) was prepared by
in vitro transcription (Maxiscript; Ambion, Austin, Tex.) and labeled with
[	-32P]UTP. The RPA was performed by using a method similar to that de-
scribed by Kaebernick et al. (15) according to the manufacturer’s instructions
(Boehringer). The probe was mixed with different amounts of mRNA standard-
ized by 16S RNA gel electrophoresis. The transcripts were analyzed by poly-
acrylamide gel electrophoresis, using 12.5% Gel 40 and 16.8 g of urea in 40 ml
(total volume) combined with a Tris-borate-EDTA buffer. The gel was run for
2.5 h at 30 mA and subsequently exposed to X-ray film overnight at 80°C. The
pixel densities of the bands were estimated with image analysis software (Qwin,
Leica Microsystems). The background density was subtracted from the density of
each band, and the highest pixel density was defined as 100%.
Data analysis. The data were analyzed by means of stepwise multiple regres-
sion, using polynomials to estimate higher-order terms. Higher-order terms were
added only if they improved the fit significantly at the 0.05 level.
RESULTS
Diurnal and transient dynamics. The microcystins of P.
agardhii consisted mainly of MC-DeRR and lower concentra-
tions of MC-DeLR. Traces of other microcystin variants were
observed, but their concentrations barely exceeded the detec-
tion level. The MC-DeRR and MC-DeLR contents showed no
distinct diurnal fluctuations, despite the imposed day-night cy-
cles (Fig. 1A). In the transient-state experiments, in which
cultures were transferred from low light to high light and vice
versa, the MC-DeRR and MC-DeLR contents adjusted to the
new light conditions within 6 to 8 days (Fig. 1B and C). This
shows that the relevant time scale for changes in microcystin
composition is on the order of several days.
Growth rates. The specific growth rate () of P. agardhii
strain 126/3, as measured during steady-state conditions in
continuous cultures, is a unimodal function of photon irradi-
ance (Fig. 2) (multiple regression for : 0.002 0.0006I 4

106: 2; R2  0.97; n  9; P  0.01). The specific growth rate
was limited by photon irradiance at least up to 60 mol m2
s1, whereas at levels greater than100 mol m2 s1 growth
seemed to be inhibited by photon irradiance.
mRNA transcripts and microcystin production. Samples
were taken from four of the steady-state cultures to perform
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mRNA protection assays in order to estimate the effects of
different light intensities on the amount of the mcyA transcript.
This experiment revealed a pattern similar to the specific
growth rate pattern. The transcriptional response of the mcyA
gene increased with photon irradiance up to 60 mol m2
s1 (Fig. 3). At levels greater than 100 mol photons m2
s1 the mcyA gene produced less mRNA transcript. This pat-
tern was further matched by the total microcystin production,
which also increased with photon irradiance up to 60 mol
m2 s1 and decreased at 100 mol m2 s1 (Fig. 3).
Microcystin composition. In all experiments, the extracellu-
lar microcystin concentration was less than 1% of the total
microcystin concentration in the cultures. Thus, almost all mi-
crocystin was intracellular. The total microcystin content of P.
agardhii in the steady-state experiments did not change signif-
icantly with photon irradiance (Fig. 4) (linear regression for
total microcystin content: R2  0.39; n  9; P  0.05). How-
ever, the composition of the microcystin variants did change
with photon irradiance. The MC-DeRR content decreased
with increased photon irradiance (Fig. 4) (linear regression for
MC-DeRR: 2.37  0.008I; R2  0.81; n  9; P  0.01),
whereas the MC-DeLR content increased with increased pho-
ton irradiance (Fig. 4) (linear regression for MC-DeLR: 0.162
 0.004I; R2  0.93; n  9; P  0.01). As a result, the ratio of
MC-DeLR to MC-DeRR increased more than sixfold with
increased photon irradiance, as accurately described by a lin-
ear relationship (linear regression for LR/RR ratio: 0.044 
0.0034I; R2  0.97; n  9; P  0.001). The MC-DeRR pro-
duction rate (PMC-DeRR) was a unimodal function of photon
FIG. 1. Time scales of microcystin dynamics. (A) Diurnal changes
in microcystin contents at two levels of photon irradiance. Symbols: ■,
MC-DeRR at 25 mol m2 s1;, MC-DeLR at 25 mol m2 s1; F,
MC-DeRR at 110 mol m2 s1; E, MC-DeLR at 110 mol m2 s1.
(B and C) Changes in MC-DeRR content (solid symbols) and MC-
DeLR content (open symbols) during transient states from 25 to 65
mol m2 s1 (B) and from 110 to 40 mol m2 s1 (C). The error
bars indicate standard deviations (n  3).
FIG. 2. Specific growth rate of P. agardhii grown under light-lim-
ited conditions as a function of photon irradiance. The solid line is
based on multiple regression. The error bars indicate standard devia-
tions (n  5).
FIG. 3. Total microcystin production rate (■) and amount of mcyA
transcript () of P. agardhii plotted against photon irradiance. The
error bars indicate standard deviations (n  5).
FIG. 4. Total microcystin content (), MC-DeRR content (Œ), and
MC-DeLR content (F) of P. agardhii as a function of photon irradi-
ance. The error bars indicate standard deviations (n  5). The solid
lines for MC-DeRR and MC-DeLR are based on linear regression.
The line for MC-Total indicates the mean.
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irradiance, with the maximum production rate at a photon
irradiance in the range from 50 to 80 mol m2 s1 (Fig. 5,
upper panel) (multiple regression for PMC-DeRR: 0.0032 
0.0013I  1 
 105I2; R2  0.98; n  9; P  0.01). The
MC-DeLR production rate (PMC-DeLR) increased but was sat-
urated with increased photon irradiance (Fig. 5, lower panel)
(multiple regression for PMC-DeLR: 0.0024  0.0003I  2 

106I2; R2  0.96; n  9; P  0.05).
DISCUSSION
Our results reveal that there is a direct relationship between
the transcription rate of the mcyA gene and the total micro-
cystin production rate of P. agardhii (Fig. 3). Both gene tran-
scription and total microcystin production increased with in-
creased photon irradiance up to 60 mol m2 s1. At levels
greater than 100 mol m2 s1 both rates decreased with
increased photon irradiance. This result confirms previous
findings with Microcystis which showed that light exerts major
control over the transcription of the mcy gene complex (15).
The close correspondence between mcyA transcription and
microcystin production is consistent with previous findings (8,
25, 26) which showed that one mcy gene cluster is responsible
for the synthesis of the core of all microcystin variants.
Our observation that an isolated strain of Planktothrix pro-
duces different structural variants of microcystin can be ex-
plained by the multispecificity of single domains of the micro-
cystin biosynthesis complex. In particular, the first module of
McyB can incorporate a variety of different amino acids at the
variable X position within the microcystin structure (6). At this
variable position, microcystin-DeRR contains arginine, whereas
microcystin-DeLR contains leucine. Strikingly, our results
show that the composition of microcystin variants may change
substantially with light conditions. The content of MC-DeRR
decreased with increased photon irradiance, whereas the con-
tent of MC-DeLR increased (Fig. 4). Transient-state experi-
ments confirmed these results (Fig. 1B and C). Why does
Planktothrix produce less arginine-based microcystins but more
leucine-based microcystins at higher irradiance? Perhaps a
conformational change in the substrate-binding pocket of the
first module of the McyB enzyme could lead to a change in the
substrate specificity of the module. Biochemical assays with the
McyB enzyme could elucidate this possibility. A plausible al-
ternative explanation is that different light conditions induce
changes in the composition of available amino acids. Increased
photosynthesis at a high light intensity may raise the C/N ratio
of the cells. This would favor leucine over arginine, since rel-
atively less nitrogen would be available to synthesize the nitro-
gen-rich arginine molecule, resulting in a shift in microcystin
synthesis from MC-DeRR to MC-DeLR. This hypothesis can
be tested by measuring the amino acid concentrations in cells
grown at different levels of photon irradiance.
Previous studies with Microcystis aeruginosa PCC 7806
showed that its total microcystin content increased with irra-
diance under light-limited conditions (40). M. aeruginosa con-
tains mainly the microcystin variants microcystin-LR and mi-
crocystin-DeLR. Our findings with Planktothrix revealed
patterns similar to the Microcystis patterns for MC-DeLR, as
the MC-DeLR content of Planktothrix increased with increased
irradiance. However, in Planktothrix the increase in MC-DeLR
was accompanied by a decrease in MC-DeRR. As a result, in
contrast toMicrocystis, the total microcystin content of P. agard-
hii remained constant while the ratio of microcystin-DeLR to
microcystin-DeRR increased more than sixfold with increased
irradiance. According to mouse bioassays, MC-DeLR is at
least four times more toxic than MC-DeRR (12, 17). Thus,
while the total microcystin content of P. agardhii was not af-
fected by light, the toxicity of P. agardhii actually increased with
increased photon irradiance.
Lakes dominated by microcystin-producing cyanobacteria
may show considerable seasonal variability in total microcystin
concentrations (3, 10, 16). It could be suggested that the ob-
served variability results from physiological changes in the total
microcystin content of P. agardhii (for instance, changes in-
duced by changing light conditions). However, our results do
not support this hypothesis, as photon irradiance had no sig-
nificant influence on the total microcystin content of P. agard-
hii. Likewise, the diurnal experiments showed that short-term
changes in photon irradiance have little effect on the total
microcystin content. It is more likely that the variability in total
microcystin concentration commonly observed in Planktothrix-
dominated lakes results from a succession of closely related
Planktothrix genotypes that differ in microcystin production.
This is consistent with recent findings of Kurmayer et al. (18)
on the coexistence of toxic and nontoxic P. agardhii strains in
shallow lakes. However, our results show that monitoring of
the different strains of P. agardhii is not sufficient to predict the
toxicity of a P. agardhii bloom. Even the toxicity of a single P.
agardhii strain is quite variable, since the composition of intra-
cellular microcystin variants may change in response to envi-
ronmental conditions.
In conclusion, P. agardhii is a widespread cyanobacterium of
shallow, turbid lakes. Light conditions in shallow lakes may
FIG. 5. Rates of production of MC-DeRR (upper panel) and MC-
DeLR (lower panel) in P. agardhii as a function of photon irradiance.
The error bars indicate standard deviations (n 5). The solid lines are
based on multiple regression.
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change on a time scale of days to weeks due to changes in
cloudiness or wind-induced resuspension of sediments. Our
findings show that such changes in light conditions may pro-
foundly affect the microcystin composition and thereby the
toxicity of P. agardhii. The harmful cyanobacterium P. agardhii
produces a more toxic variant during periods of sunny weather,
when recreational activities in lakes are most attractive.
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